Abstract The 25 April 2015 Nepal earthquake (M w 7.8) ruptured a segment of the Himalayan front fault zone.
Introduction
The 25 April 2015 earthquake (M w 7.8) in Gorkha, Nepal, ruptured a~140 km segment of the central Himalayan front fault zone, where the Indian Plate underthrusts the Hiamalayan-Tibetan Plateau [U.S. Geological Survey (USGS), 2015; Avouac et al., 2015] . Although large Himalayan earthquakes like this one are well anticipated from the knowledge of tectonic processes, the convergence rates and gradients across the Himalayan orogen, and earthquake histories along the Himalayan front fault zone [Sapkota et al., 2013; Bilham, 2015] , the 2015 Nepal earthquake struck without warning. Nearly 9000 people died in the earthquake, more were injured, and the direct economic damage was estimated to be more than $5 billion [Bilham, 2015; Center for Disaster Management and Risk Reduction Technology, 2015] .
The Nepal earthquake highlighted once again the challenge of short-term earthquake prediction, even in closely monitored regions, because of the lack of reliable precursors. At present, earthquake monitoring focuses on changes of strain rate and rock property near the Earth's surface. Little is known about changes, if any, in the source regions of big upcoming earthquakes. In this regard, one promising type of data is gravity change, which may detect mass change in the deep source regions of large earthquakes. In recent years dynamic gravity measurements, enabled by the Gravity Recovery And Climate Experiment (GRACE), Gravity field and steady-state Ocean Circulation Explorer (GOCE), and other space missions of gravity observation, have shown clear coseismic signals (more than a few μGal or 10 À8 m/s 2 ) of large earthquakes, including variation data sets of [2002] [2003] [2004] [2005] [2006] [2007] [2008] in western China to show a statistically significant correlation between gravity variations and earthquakes.
Since 2009, an expanded national network of crustal deformation monitoring, the Crustal Movement Observation Network of China (CMONOC), has included 100 absolute gravimetric stations. Four of them are located in South Tibet, near the epicenter of the 2015 Nepal earthquake. These stations were surveyed in 2010/2011 and 2013. In this paper we report significant gravity increase in all these stations. Deducting the gravity change rates by correcting secular variations, we then model the recorded gravity changes and suggest that they may be related to mass change in a broad source region of the 2015 Nepal earthquake.
Geological Setting and Data Set

Geological Setting
The collision between the Indian and Eurasian plates has caused continuous crustal shortening and uplift of the Himalayan-Tibetan Plateau [Yin and Harrison, 2000] . Along the plate boundary, marked by the Main Frontal Thrust (MFT) on the surface today, large earthquakes have been recorded [Bilham et al., 2001; Bilham, 2015] (Figure 1 ).
Earthquakes along the MFT release elastic strain energy from the 45 mm/yr convergence between the Indian and Eurasian plates; nearly half of the convergence is absorbed over the Himalayan arc and southern Tibet [Larson et al., 1999] . Feldl and Bilham [2006] have suggested that a large portion of southern Tibetan crust, up to 500 km from the MFT, is directly involved in storing the elastic strain energy that drives the Himalayan earthquakes. Geophysical Research Letters
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The 25 April 2015 Nepal earthquake (M w 7.8) occurred on a subhorizontal segment of the MFT (Figure 1 ). The epicenter is 80 km to the northwest of Kathmandu, the capital of Nepal, and the hypocenter is~15 km deep [USGS, 2015] . The rupture zone is about 120 km along strike and 50 km with dip [Avouac et al., 2015] , between the rupture zones of the 1505 M w~8 .5 event to the west and the 1934 M w 8.2 Bihar-Nepal earthquake to the east. An M w 7.6 earthquake occurred in the similar location in 1833 ( Figure 1 ). The aftershocks of the 2015 Nepal earthquake include a M w 6.7 event near the epicenter of the main shock and a M w 7.3 event on 12 May 2015 about 80 km northeast of Kathmandu.
Gravity Data
Since 2009, the project of CMONOC has set up 100 absolute gravimetric stations; most of them are collocated with continuous GPS stations. Four of these gravimetric stations are located in southern Tibet, close to the rupture zone of the 2015 Nepal earthquake ( Figure 1 ). These stations were surveyed in 2010/2011 and 2013 using the FG-5 and A10 absolute gravimeters, respectively. Each survey consisted of more than 25 h of repeated measurements. Each measurement included 25-70 sets, and each set included 100 free-fall drops. The number of the accepted drops (measurements less than 3 times standard deviation) for each survey is shown in Table 1 . The gravimeters use He-Ne laser interference and rubidium atomic clock to measure distance and time, respectively. The effects of Earth tide and variations of the speed of light, polar motion, and vertical gradient were corrected using the G-soft program provided by the manufacturer of the gravimeters. The average standard deviation of these gravity measurements is less than 2 μGal. The errors of measurements are independent for each station. Table 1 shows the gravity variations at these four stations during a roughly 2 year period before the 2015 Nepal earthquake.
Rates of Gravity Change Before the Nepal Earthquake
To isolate the gravity change that may be related to local tectonics responsible for the 2015 Nepal earthquake, we corrected secular and background gravity changes. First, gravity would change with the elevation of a station. We used the continuous GPS data to estimate the vertical motion rate at each station. The Shigatse and Zhongba gravity stations are collocated with continuous GPS stations. The Lhasa and Naqu gravity stations are also located near the GPS stations. The GPS data were processed using the GIPSY software to remove phase and pseudorange data. The vertical motion rates, derived by fitting displacement of the entire observed period, are 1.04 ± 0.19, 1.47 ± 0.46, 3.14 ± 0.25, and 1.94 ± 0.50 mm/yr, respectively, for the Naqu, Lhasa, Shigatse, and Zhongba stations ( Figure S1 in the supporting information). These results, consistent with those of Liang et al. [2013] , reveal the ongoing uplift of the Tibetan Plateau. Correcting for the effects of ground uplift using À1.9 μGal/cm (Text S1), the rates of gravity change caused by the GPS-measured vertical displacement are shown as the g 1 correction in Table 2 . Table 1 ); g 1: gravity change rates by vertical displacement; g 2 : denudationinduced gravity change rate; g 3 : GIA induced gravity change rates; g 4: background gravity change rates due to crustal thickening; g res = g 0 -g 1 -g 2 -g 3 -g 4 .
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The second correction is related to the denudation of surface mass. Based on geological results [Métivier et al., 1999; Lal et al., 2004] , Sun et al. [2009] fitted their gravity data with an average denudation rate of 2.3 mm/yr for the Tibetan Plateau. This mass loss causes À0.25 ± 0.1 μGal/yr (g 2 in Table 2 ) gravity change according to a simple Bouguer layer model (Text S1). The third correction is that due to glacial isostatic adjustment (GIA). We use the results of Sun et al. [2011] for the GIA correction in Tibetan Plateau (g 3 in Table 2 ). Furthermore, Sun et al. [2009] have shown a regional gravity change of À0.66 ± 0.49 μGal/yr associated with crustal thickening of the Tibetan Plateau. This rate is an average of the rates at the Lhasa station and two distant stations; we use their original rate (À1.31 ± 0.7 μGal/yr) at the Lhasa station for this station, and their mean rate of À0.66 ± 0.49 μGal/yr for the other three stations (g 4 in Table 2 ). The residual gravity change rates (g res ) are given by the observed gravity changes corrected for the effects of vertical displacement, denudation, GIA, and crustal thickening ( Table 2 ).
The residual gravity changes at the four stations are above the error ranges of measurements (±2 μGal), and the increase of gravity at all stations is opposite to the effects of ground uplift, surface denudation, postglacial rebound, and long-term crustal thickening, which all reduce gravity as shown by the long-wavelength GRACE data ( Figure S2 ). Hence, we suggest that the gravity increase at these stations may be related to mass changes in the source region of the 2015 Nepal earthquake.
Gravity Inversion
Assuming that the residual gravity changes were caused by mass redistribution in the strained crust before the earthquake, we used a disc-shaped source region with a uniform change of density to model the equivalent mass change in the source region (Figure 2) , following the approaches of Kuo and Sun [1993] and Kuo et al. [1999] .
The four gravimetric stations are hundreds of kilometers away from the epicenter of the 2015 Nepal earthquake ( Figure 1) ; this distance is not a problem because the "source region" in our model differs from the commonly used term that refers to the rupture zones delineated by the rupture plane and aftershocks. Instead, the source region relevant to gravity changes at these stations is a broad region of crust that experienced mass changes related to strain or mass migration in the crust directly related to the rupture of the 2015 Nepal earthquake. Feldl and Bilham [2006] have argued that elastic strain accumulation in a broad region of southern Tibet, up to~500 km from the Himalayan front fault, directly contributes to the Himalayan earthquakes.
Thus, we modeled the source region as a disk 150-300 km in radius and 10-30 km thick. Gravity changes resulted from density variation within the disc are calculated using the method of Murthy and Rao [1994] (Text S1). We searched the optimal model parameters in a suite of forward models by minimizing the misfits between the residual gravity changes and the model predictions. The optimal source region is 28 km thick and 290 km in radius, centered about 290 km northeast of Kathmandu (Figure 3) . The depth to the top of Figure 2 . Sketch of the disc-shaped source region model for equivalent mass changes in the source region of an earthquake. Hypocentroid is the center of mass of this disc and epicentroid its surface projection. The earthquake hypocenter does not have to be in the center of the source region.
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the disk is 3 km, and the optimal density increase in the model is 2.1 × 10 À5 g/cm
3
. The gravity change rates produced by the optimal source model are 1.338, 22.397, and 5.115 μGal/yr, respectively, at the Lhasa, Shigatse, and Zhongba stations. The Naqu station is located further to the north and near a cluster of M ≥ 7.0 earthquakes; it is probably associated with a different source region. Figure 4 shows that although Figure 4 . The observed (in black) and residual (in blue) gravity change rates. The distance is between the gravimetric stations and the epicenter of the 2015 M w 7.8 Nepal earthquake (in black) and between the stations and the epicentroid of the modeled source region (in blue). The shaded band shows the range of long-term, background rates of gravity change associated with surface denudation, GIA, uplifting, and crustal thickening; all of these processes reduce gravity. 
Discussion and Conclusions
The model of the source region with a uniform density change is a necessary simplification. The solution, as for most gravity models, is nonunique, and the density change, if associated with processes leading to the earthquake, would certainly not be uniform in space. On the other hand, the observed gravity increase at these stations is significant and unlikely artifacts of the uncertainties of the long-term secular processes, which all reduce gravity. We cannot prove that the observed gravity increase at these stations in southern Tibet is a precursor of the 2015 Nepal earthquake, but this is an interesting and potentially important possibility. Gravity changes at stations hundreds of kilometers away from the epicenter were observed for the 2008 Wenchuan earthquake [Zhu et al., 2010] ; the broad source region derived from gravity data in this study is consistent with the idea that a broad region of crust in southern Tibet is involved in the storing of elastic strain energy that drives the Himalayan earthquakes [Feldl and Bilham, 2006] .
The cause of the observed gravity increase is uncertain. If it is entirely caused by the contractive elastic strain, the corresponding horizontal strain rates averaged over the source region would be~5.8 × 10
À6
/yr before the 2015 Nepal earthquake (Text S1). This is about 2 orders of magnitude higher than the GPS-measured surface strain rates [Feldl and Bilham, 2006] . Thus, either the strain rates are higher at depth or other processes of mass migration may be involved. Dynamic geophysical imaging, which is used in industry to show time-dependent changes of geophysical properties such as seismic velocities or conductivity, would have provided useful tests of such mass changes deep in the seismic source region. But such data is not available in the study area and have not been widely used in tectonic studies.
In summary, we have found significant gravity increase, up to 20 μGal/yr, in southern Tibet between 2010/2011 and 2013, and we suggest that these gravity changes may be related to strain accumulation and possibly mass migration in a broad source region of the 2015 Nepal earthquake. Our results support the idea of Feldl and Bilham [2006] that a broad region of the crust in southern Tibet, up to a few hundred kilometers north of the Himalayan front fault, is directly involved in storing elastic strain from the Indo-Asian collision that drives the Himalayan earthquakes. If confirmed by future studies elsewhere, our results suggest that with the increasing availability of high-precision absolute gravimeters, gravity change may become a useful precursor for monitoring earthquakes. . Time series of daily solution of vertical displacements at the Naqu, Lhasa, Shigatse, and Zhongba stations from continuous GPS recording. Red lines are the linear fits. The GPS stations are collocated with the gravimetric stations. We fit the average vertical motion rate at these stations and use the results to correct for the effects of elevation changes on gravity at these stations. Figure S2 . Gravity change observed by the Gravity Recovery and Climate Experiment (GRACE) satellite. We computed the series of average monthly gravity change at the four gravimetric stations using a 300 km Gauss filter. The GRACE data show clear seasonal variations and provide the long-wavelength gravity change. The average rate is -0.048μGal/yr for the Lhasa station, -0.046μGal/yr for the Shigatse station, -0.042μGal/yr for the Zhongba station, and -0.018μGal/yr for the Naqu stations. These trends of decreasing gravity are consisted with the continuing uplift of the Tibetan Plateau. The long-wavelength gravity decrease from the GRACE data are is opposite to the gravity increase observed by absolute gravity measurements at these stations. Hence gravity increases at these stations are not artifacts of background gravity variations; we suggest that they reflect mass change in a broad source region related to the tectonic processes leading to the 2015 Nepal earthquake.
